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Introduction. 

It i8 a common belief among users of steel that where 
strength and toughness are requirements f the metal must be sub- 
jected to mechanical work previous to final heat treatment. 
In pursuance of this belief f the history of the making of some 
common part such as an automobile crank shaft is as follows. 

The steel is poured from ihe furnace in which it was 
made into an ingot mold. After solidification the mold is 
removed, and the stripped ingot goes into a soaking pit to be 
uniformly heated to a temperature suitable for rolling. In the 
rolling mill the billet is worked down to a shape and size 
suitable for the drop-forge. These shapes are Shipped to the 
drop-forge plant. Here another heating brings the metal to a 
proper temperature for the hammer, and after a series of rough- 
ing treatments f the metal assumes its final shape in the finish* 
ing die. After trimming of the wet? for feed at the juncture of 
the dies f the part is ready for final heat treatment. These 
operations have required the use of a great deal of expensive 
macninery. Also a large amount of heat has been wasted in 
the repeated heatings and coolings. 

In the majority of oases the greater part of the pro- 
cess cited above may be profitably eliminated. The molten 
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steel from tne furnace may be poured into molds whioh give it 
its final shape 9 and the only remaining necessary treatment is 
proper heat treating. By proper correlation of operations 
from the making of the steel through to the final heat treat- 
ment, castings can be made to have physical qualities equal to 
those of the best forged steels • 

She war expanded steel foundry capacities far beyond 
normal peace time demand. At present, with business approach iijg 
a pre-war basis, this capacity is far from utilized. It is a 
safe prediction that as long as steel-foundrymen themselves re- 
main blind to the possibilities of their own product, consumers 
will not effect any broad use of oastings in new fields. In 
the light of what has here been said, however, possibilities ap- 
pear for the steel-foundryman not only to bring about a capa- 
city demand, but to go beyond that point to an extent undreamed 

of. 

Two things must the steel-foundryman do to attain 

this end. First he must throw aside slipshod methods of pro- 
duction and make use of knowledge now available to produce 
castings which are actually as suitable for hard usage as for- 
gings. Secondly he must conduct a oompaign of education to 
the consumer to overcome the prejudice in favor of forgings. 
With the first of these necessary attainments I am here con- 
cerned. 
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Making the Steel , 



The first problem relative to the production of high 
grade castings lies in the making of the steel itself. The ob- 
ject here is to produce a metal for pouring which is capable of 
realizing the fullest benefit from proper heat treatment 9 at the 
same time remembering the necessary consideration of cost. 

The requirements in the ladle metal are correct analy- 
sis and "dead "or thoroughly deoxidized steel. Phosphorus in excess 
of .04> opposes the object of future heat treatment and causes 
brittleness. Sulphur in excess of the same proportion causes 
weakness through its tendency to form an iron-sulphide network 
along grain boundaries. rf 7ild"or highly oxidized metal produces 
blow-holes and resulting unsoundness. The n wildnes8 lf may be elim- 
inated to some extent by the addition of aluminum but the result- 
ing aluminum-oxide forms inclusions in the metal f which not only 
reduce the metal area over any section but cause added weakness 
due to Snatch effect". 

Now the side-blown converter does not reduce the phos- 
phorus and sulphur content, but on the contrary slightly inoreases 
the proportion of these constituents due to oxidation loss of other 
constituents. There may also be some increase of sulphur in the 
cupola. Raw material very low in these objectionable elements must 
therefore be used in this process, and such material commands. 
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a substantial price premium. Moreover converter metal does not 
attain the desirable degree of deoxidation. 

In the electric furnace on the other hand t the phosphor- 
us and sulphur may be removed at will* The metal as poured from 
the furnace is thoroughly deoxidized and lies perfectly quiet in 
the ladle. As far as the requirements of the metal are concerned 
here seems to be the ideal agent* 

At this point t oost becomes a vital oonsiderat ion, how- 
ever . A two-ton converter easily blows two heats or four tons 
of steel every hour and its original coat (complete with cupo- 
la) is $15,000. As an eleotric furnace requires four hours 
time for melting and refining, it will take three five-ton eleo- 
tric furnaces to about equal this rate of production, suoh equip- 
ment costing well over ^100,000. Also the heat cost for melt- 
ing is muuhxin favor of the cupola. : £he following analysis 
brings out the difference in actual operating cost of the two 
processes* 

converter (twbitgn) producing 40 tons in a ten hour 

day and running 300 days in a year : 

labor- a 

Charging cupola and yard, 2 ruen at ^3. 00 v 6*00 

Cupola tender 1 man " 4.00 4.00 

Vesselman 1 " " 3.50 3.50 

Blower 1 " " 5.00 5.00 

18.50 

Labor per ton$18. 50/40— $ .46 

Fuel, 1/5 ton coke at*10.00 2.00 

Repairs and maintenance .25 

Power .25 

Supplies and miscellaneous — .25. 

"3751 

Int.and dep. at 15 c /o on n5, 000 /l 2000 .19 



Total operating cost per ton v3#40 

iileotrio (five -ton) producing 15 tons in a twelve 
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5 
hoar day and running 300 days in a year* 

Lab or - 

1 melter at $b.00 per day #8.00 

1 helper at 6.00 " ,f 6.00 

1 " at 5.00 " " - -5.00 

Power 800 Xff/hr & .015 "iS'.OO 

Labor per ton*19. 00/15 — tfl.27 

iileotrodes — 1.50 

Repairs and maintenance 1.00 

Supplies and miscellaneous — -- .50 

16.2V 

Int. and dep. 15/* on v 35, 000/ (15x300) 1.17 

Total operating oost per ton -$17.49 

This cost comparison emphasizes a basic principle 
back of electric furnace use. The electric calorie, depending 
on the locality costs from three to twelve times as much as the 
calorie direct from carbon fuel. The equation (T 8 -Tb)/K*H 
(T 3 «temp.8ouroe;Tb*temp.body to be heated; 3> conductivity con- 
stant; .i*heat given to body) shows where this cheaper oalorie 
can be efficiently applied. Where T^ is low as in heating up 
and melting a cold charge 9 Ta does not have to be high in order 
to have thermal .6 ffioiency, and the use of the cheaper oalorie 
is economically correct. 

From the above oost analysis it follows that the 
premium for the pure material for the converter charge may 
amount to $14.09, the difference between the two operating costs, 
before the converter process is as expensive as the electric 
for steel in the ladle. The difference in coat will usually be 
less than that figure, but there remains the fact that the elec- 
tric furnace finishes the metal in a better condition for pour- 
ing. 

All of the above stated facts, and the oost analysis 
above computed lead to a single conclusion. In order to be 
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6 
able to use a cheap material for the charge f and In order to have 
a thoroughly deoxidized ladle metal.the eleotric furnaoe should 
be included as a finishing process. For greatest eoonomy t how- 
ever t the preliminary heating, melting and refining should be accom- 
plished in the cupola and converter . 

Using such a duplex process 9 the phosphorus and sulphur 
limitation of the oonverter process disappears ,as does the object- 
ion to the oxidized oondition of the finished metal* The amount 
of power required in the electric furnaoe is much smaller, and the 
high "peak load^neoessary to start a cold charge in the electric 
furnaoe is greatly reduced. The shorter time during which the me- 
tal remains in the expensive electric furnaoe also causes a sub- 
stantial decrease in the depreciation and interest item. A basic 
electric furnaoe can refine six heats in a ten-hour day, so a four- 
ton unit supplied by a two-ton converter will produce twenty-four 
tons of ladle metal in that time. A cost analysis of such an 
arrangement is as follows. 

Lab or - 

1 melter at?7.00 C7.00 

1 helper at 5.00 5.00 

12.00 

Cost of metal from oonverter — $ 3.40 

labor per tonvl2.00/24 v *50 

Power t 300 KWhr G .015— 4.50 

Electrodes- .35 

Repairs and maintenance- — — — — - — .25 

Supplies and miscellaneous — .50 

Int.Sc dep. 15 '* on$35,000/(24 x 300) .75 

Cost per ton of ladle metal ^10.23 

Tho premium paid for high grade charge for the oonver- 
ter operating alone will generally amount to more than the differ- 
ence between $10.23 and $3.40,so even neglecting the superior qual- 
ity of the ladle metal, here would seem to be the more desirable 
process. Starting with the same impure material and finishing 
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with metal of the same quality the duplex process effects a sav- 
ing of nearly seven dollars per ton over the electric furnace 
operating alone* 

Knowing at any time the oost of low phosphorus and sul- 
phur raw material necessary for the converter alone, and applying 
this figure to the abscissas scale of the acoompany n Shart ffig l) f 
the corresponding ordinate gives the cost per ton of the ladle 

metal* The oost of ordinary material for the electric or duplex 

way 
process applied in the same will give the ladle cost of steel made 

by either of these methods* Variations in cost of ooke.eleotrio 

power etc* in different communities would of course displace these 

curves to some extent .but such a chart computed from local oondi- 

ions would be valuable in a steel foundry. 

In the molding itself. new problems are every day met, 
and are well solved by men skilled in the trade. The possibil- 
ities of very greatly improving the physical qualities of the 
casting as taken from the mold y however 9 are too little considered. 
The reasons for the weakness of the steel as taken from the mold 
and after being subjected to ordinary heat treatment .and the 
general considerations regarding treatment which will greatly im- 
prove quality will be next discussed* 
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Heat treatment . 

Castings have approximately the same specific grav- 
ity as forgings f so considering castings and forgings of the 
same analysia f any superior qualities found in the latter must 
be primarily due to a more suitable internal structure. 

Hot work followed by proper heat treatment gives to 
medium carbon afceei a very fine-grained structure, and tiny par- 
ticles of ferrite embedded in a sorbite matrix are completely 
isolated by sorbite ♦ In an untreated casting the ferrite is 
found in a network or at least in a broken reticule. Subjected 
to ordinary heat treatment this network is only slightly affect- 
ed and it remains in sufficient degree to differentiate cast 
steels physically from forged steels. 

Without inquiry into the causes underlying the manner 
of ferrite separation, this has for long been accepted as an un- 
changeable condition. 

Recent theory tested by experiment shows that the 
oourse of secondary crystallization of the ferrite astthe tem- 
perature falls through the critical range is dependent on the 
degree of homogeneity existing in th^^ttitenite from which the 
separation takes place. A preliminary treatment to bring about 
homogeneity in the austenite is then necessary in order to 
obtain an ideal structure in cast metal. 

Digitized by VjOOQIC 



Digitized by 



Google 



To ahow why the austenite lacks homogeneity the course 

of cooling in an alloy of the solid solution type will here be 

traced* 
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Consider XZ any binary alloy diagram in which the com- 
ponents are soluble in all proportions. Now an alloy of oompo- 
siton B 9 being completely molten at temperature t 9 on cooling to 
ti starts to separate out crystals of composition C. On cooling, 
the composition of the solid precipitating out follows the solid- 
us line CF.so that at temperature t*the separating solid is of 
composition N. [Thus the nucleus of composition C is the center 
of a crystal consisting of layers of XZ solid solution ever be- 
coming richer in Z. Now should diffusion take place with infin- 
ite rapidity from the outer region of higher Z concentration 
toward the center, the difference in concentration between suc- 
ceeding layers will disappear, and the line CJ? will at all times 
represent the composition of the entire solid portion* VThen t m 
is reached,, tne composition of the solid separating coincides 
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with the alloy composition, and the entire mass becomes solid. 

Diffusion in a solid actually takes plaoe t however f far 

too slowly to have the above ideal condition even approached in 

practice. 

Diffusion acts just rapidly enough so that the nucleus 

of composition G becomes slowly enriched in Z 9 its composition 
following the line C2 as the temperature falls. CP represents 
at any temperature only the composition of the surface of the 
crystal. Line CL follows the average composition of the sepa- 
rating cry8tal f and as the average composition of solid separat- 
ed out reaches the alloy composition, final solidifioation occurs 
at temperature t fIM . The mass then consists of crystals whose 
internal composition varies from composition C at the nucleus 
to F f at the periphery. 

Throughout the range of steel composition and above 
critical temperatures the iron-carbon diagram is of the solid 
solution type 9 in which cooling occurs as above described. As a 
result, the austenitic crystals making up the mass vary individu- 
ally in composition from a low carbon nucleus to a periphery 
high in carbon (also high in phosphorous). 

The importance of this fact lies in the resulting ef- 
fect on the manner of the separation of the ferrite as the tem- 
perature descends through the critical range. 

Referring now to the iron-carbon constitution diagram, 
through the upper range of primary crystal separation a condition 
oo our 8 just as explained in detail regarding the solid solution 
alloy XZ. As a result, at temperature t the austenite consist* of 
crystals having a low carbon nucleus of composition C'and a high- 
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er carbon periphery of composition F 1 • At an ordinary rate of 
cooling, diffusion has time to lessen this difference of composi- 
tion but very little, so that the low carbon nucleus reaches the 
temperature (t'Kat which ferrite starts to separate out some time 
before the periphery reaches the A3 line at temperature t". 




FffgU" 



gig. 3, 

Thus the nuoleus of the primary crystal determines the 
nucleus of a ferrite crystal, and the ferrite congregates around 
a predetermined number of centers. The result is that ferrite 
accumulates in masses which touch in many places and form* a fer- 
rite network. 

Considering a hypothetical case assume now that the 
austenite is perfectly homogeneous. The temperature of first fer- 
rite separation is then reached by the entire mass at the same 
instant. A multitude of nuclei then form at random throughout the 
ma8s f and in the resulting structure tiny ferrite crystals will be 
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as oast;showing 
ferrite segrega- 
tion and network, 
(x 100) 



Fig .4 



•3 Carbon steel 
as oast. 

(x 100) 



gig. 5, 



.3 Carbon steel oil 
quenched after heating 
for one hour at 825 °C . 
(x 100) 



(Nitric acid netoh) 



Fig.6. 
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uniformly distributed. In steel of such structure are found in 
the highest degree 9 the combined qualities of strength, ductility 
and shock resistance* 

Now while the ideal condition of a perfectly homogene- 
ous austenite can never be completely realized in practice f such a 
close approximation may be obtained as to produce in oast steels 
a structure similar to that found in forgings. The necessary 
treatment consists in subjecting the steel to a temperature con- 
siderably above the critical range:. for a long enough time to per- 
mit the process of diffusion to approximately equalize the compo- 
sition. The steel should then be slowly cooled to a temperature 
just above the critical range. Rapid cooling through the criti- 
cal range then supplements the effect of the homogeneity treat- 
ment in effecting the dispersion of the ferrite. Quenching leaves 
the metal in a state of internal strain and a reheating or "draw- 
ing" is necessary to eliminate this. The structure of the euteo- 
toid matrix is a function of the temperature at which this final 
operation is carried on, and in order that the euteotoid may con- 
sist of sorbite (unresolved pearlite ) thfi "drawing" should be done 
at a temperature of 560* C. 

Figs. 4 and 6 reproduce at 100 diameter magnification 
the microstruotures of steels of .3 and .4 carbon content res- 
pectively. In both samples the ferrite (light) is agglomerated 
in large crystals forming a practically continuous network. As 
ferrite has a tensile strength of only 36 f 000,f/in 2 it is no won- 
der that such steel has inferior qualities. The properties 
of a .3 carbon steel in such condition are about as follows. 

Tensile strength 60 f 000,r/in 2 
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Elastic limit 35,000,Vin 2 

Elongation 12$ 

Reduction of area 5>o 

The impact test, the importance of which is generally 
underestimated, shows very low shock resistance for such metal. 

An ordinary method of heat treatment in the steel foun- 
dry is to simply heat the castings to a temperature slightly a- 
bove the critical range 9 and allow them to cool slowly. It is a 
common belief that such treatment reduces the grain size and is 
of considerable benfefit. The austenite from which the second 
separation of ferrite takes place is substantially unaltered from 
its original condition, and it is hard to see why this treatment 
should be of material benefit, outside of a tendency to lessen 
internal strains incurred during the first cooling. Even when 
the steel is quenched in oil after such a reheating there is but 
little alteration of the original ferrite network, fig. 6 9 which 
shows the miorostructure of a specimen so treated, brings out the 
truth of this statement. Average figures for the properties of 
a .3 carbon steel subjected to such ordinary treatment follow* 

Tensile strength 65, 000 //in 2 

Elastic limit— -38,000#/in 2 

Elongation- 15fb 

Reduction of area 10^ 

The impact resistance is also slightly increased. 

It becomes evident that ordinary treatments do not 
give to castings properties comparable to those of good forged 
steels, and in tie large interlocking grains of ferrite can be 
seen the reason* 
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The remaining micrographs show the striking structural 
changes brought about as a result of obtaining homogeneity in 
the austenite. 

Figs .7 and 8 picture the results of a preliminary 
treatment which has been only partially effective* In both cases 
the steel was held for five hours at 900*C. Specimen 7 was fur- 
nace cooled, enough power having been left on so that the descent 
through the critical range required two hours. The ferrite graiis 
are ^st ill ratner large, but the result of the treatment is seen 
in their independence and random placing. The specimen shown in 
fig. 8 was oil quenched through the critical range. The grain 
size is well reduced, but the effect of yet insufficient homoge- 
neity of the austenite is seen in the tendency of the ferrite to 
localize in distinct areas. 

Pigs, y andlP picture the effects of a homogeneity 
treatment as stringent as would be expedient in practice. Both 
specimens were heated seven hours at 950 C. Specimen % was slow- 
ly cooled and although the ferrite thus had opportunity to dis- 
pose itself at will, it is found to be well distributed and the 
grains are reduoed in size and independent. Pig.10 shows the 
affect of quenching in oil after a sufficient preliminary treat- 
ment. All traces of continuity in the ferrite have disappeared 
and the grain size is minute. The structure corresponds to that 
of the best forged steels. In testing oastlsteels of similar 
carbon content, Griolitti showed the following properties to be 
obtainable with such method of treatment. 

Tensile strength 90,000#/in 2 

Elastic limit GS^OOj^/in* 

Elongation 24> Digitized by GoOgk 
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.5 Carbon steel held 
six hours at 950°C, 
oofcled 8 lowly to 825 
and oil quenched, 
(x 100) 



(Nitric aoid etch) 

Fig. 10. 
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Reduction of area 40 f 5?o 

He also obtained a tensile impact resistance of 135 

kg.-m. as compared to 132 kg.-m. in a properly treated forging 

of the same carbon content • 

The steel foundry is in no way limited to the use of 

plain carbon steels in making castings. Alloying elements can 
be used with the same beneficial effects as in forgings. An al- 
loy with from two to three percent nickel properly heat treated 
shows properties about the same as a forged nickel steel* The 
same general considerations apply in the heat treatment as in or- 
dinary carbon steel. The effect of the alloying element is two- 
fold. In solution in the ferrite it strengthens and toughens 
that element 9 and it also tends to increase the number of ferrite 
nuclei appearing as the metal on cooling reaches the critical 
range . 



The psychological effect of one casting easily broken 
and showing a coarsely crystalline fracture may destroy the good- 
will brought about by a hundred good ones. Proper heat treating 
of all the castings in the furnace requires closer attention to 
its operation than most furnaces are given. Too much oredit is 
often given to the ability of the eye to determine temperature, or 
else the temperature indicated by a single thermocouple is accept- 
as the temperature of the whole furnace. Couples themselves are 
inexpensive and several can be used with a single recording ap- 
paratus. The results of careful temperature control in the he*t- 
treating furnace will become apparent when the castings are put 
into use. 
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Conclusion 

The electrio furnace is invaluable in the steel foundry, 
its use enabling the employment of low grade raw material and the 
finishing of the steel in ideal condition for pouring. It is most 
economical .however f when confined to the finishing of the metal t the 
steel being melted and prepared in the cupola and converter. 

Castings cam be produced having properties as good as 
those of forgings 9 but ordinary annealing treatment does not makee 
them as good. Preliminary heat treatment is necessary t in order 
that the later treatment through the critical range will effect 
the proper arrangement of internal phases to lend strength and 
toughness. Improvement in practice in operating heat treating fur* 
naces is here an added consideration. 

Industrial inertia is also operating to keep castings 
out of the acclaimed field of forgings. Utilization and propa- 
gandizing of the facts herein set forth should bring about a re- 
versal of this condition. 
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